ABSTRACT
INTRODUCTION
Control system design for neutralization pilot plant has a long history, due to its non-linear characteristics, uncertainty and large number of requirements from environment legislation which revised constantly. Most of the classical control techniques are developed on the bases of linear theory. When these techniques are applied to the chemical systems having kinetic reactions and thermodynamic relationships, they do not provide the adequate system performance and hence fails to capture the entire operating range.
neutralization process mainly consists of measurement of an acid-base chemical reaction in which hydrogen ions and hydroxide ions are neutralized or combined with each other to form water, while the other ions involved remained unchanged. Acid is a substance that ionises in water to produce hydrogen ions and base is a substance which ionises in water to produce hydroxyl ions. The characteristics of acid-base neutralization reaction are normally represented by a titration curve. Fig.1 below provides the information about the equilibrium point [1, 2] , the type of acid-based (strong/weak) involved and the total volume or amount of substances involved at the end of the titration process. The S-shaped curve shown in Fig. 1 depends on the concentration and composition of acid and based used in the process reaction. It can be seen that at value of 7, a small change in input produces a large change in output, which provides the significance of controlling Value [3, 33, and 35] . Scale of measuring acidity of the system ranges between values 1 to 14. At room temperature , if the value is less than 7, the mixed solution has higher concentration of hydrogen ions; hence it is acidic in nature. If value is greater than 7 then the mixed solution has higher concentration of hydroxyl ions and is alkaline/base in nature. However, if value is 7 then the mixed solution is neutral. For industrial safety, all waste water should maintain a level of 7±1. control loop mainly consists of (i) an open loop type of control scheme; in which the control valve opening is kept at certain positions for specific time durations, (ii) a feedback control scheme; which involves a direct relationship between the control valve opening and the value in the process, and (iii) a feed-forward control scheme; in which controller will compensate for any measured disturbance before it affects the process (i.e. the value in the case of this application). In the past few years, several control strategies have been developed in the process control to improve the performance of the system. This is achieved by efficiently defining an optimal pilot plant model within the control structure and this trend keep on increasing day by day. Classical control schemes such as ProportionalIntegral-Derivative (PID) control, depends on the optimal tuning of control parameters which are proportional gain, integral gain and derivate gain. On the other hand, performance of fuzzy logic control depends on the vigilant selection of the membership function for the input set and output set parameters. Traditional PID or Fuzzy logic based controller cannot provide optimal performance as compared to the combination of PID and Fuzzy logic or the combination of adaptive neural network control and fuzzy logic control. In control system architecture, integration of such hybrid control provides new trend towards the realization of intelligent systems. In this paper an optimal mathematical modelling of neutralization pilot plant with Hybrid controller (Fuzzy logic and PID) design, implementation and validation is presented.
RELATED WORK
A rigorous and generally applicable method of deriving dynamic equations for neutralization in Continuous Stirred Tank Reactors (CSTRs) is presented in [5, 6] . In [4] , author uses the same model and provides a more optimal solution for adaptive control for neutralization process control. A new concept concerning the averaging value of a mixture of solutions is introduced in [7, 8] . It gives the idea to utilize reaction invariant variables in calculating the value of mixtures of solutions, instead of using a direct calculation involving a simple averaging of hydrogen ions. In [9] , authors introduced a systematic method for the modelling of dynamics of the neutralization process. They used a hypothetical species estimation to obtain the inverse titration curve so that overall linearization of the control loop can be utilized. Fundamental properties of continuous control are investigated in [10] using Proportional-Integral-Derivative (PID) controller. Nonlinear adaptive control for neutralization pilot plant is presented in [11] . In [12, 13] author evaluated the performance of the system on a bench scale neutralization system in order to gain additional insight in terms of the practical application. A feedback based nonlinear controller is developed in [14, 30] by applying an input-output linearization approach to a reaction invariant model of the process by using a Proportional Integral (PI) controller which utilizes an open-loop nonlinear state observer and a recursive least squares parameter estimator. A mathematical modelling of the neutralization process in a continuous stirred tank reactor which is based on a physicochemical approach is presented in [15] . In [16] , an adaptive control for a chemical waste water treatment plant is presented. The same approach is extended in [17] . In [18] , author presented a new approach for an adaptive combined feedback-feedforward control method for control which was based on a quantitative physico-chemical analysis of the neutralization process. However, this work has relatively high signal to noise ratio. Similar approach is further extended by using an adaptive control algorithm in [19] . A comparison of linear and non-linear control for neutralization plant is presented in [20] . In [21, 22] , author presents the investigation of the controller performance, such as tracking of the lime flow-rate set point, investigation of different conditions of normal process operation and operation without ignition. A new approach to control which utilizes an identification reactor to incorporate the nonlinearities of the neutralization process is described in [23] . Indirect adaptive nonlinear control of neutralization plant is presented in [24] . In [25, [30] [31] [32] practical control design issues for a neutralization is investigated with the objective to design an online identification method based on use of an extended Kalman filter. However, this work has low processing power for high computational systems. In [26, 34] author outlines the framework of the controller and develops a fuzzy relational model which is based on a fuzzy logic approach. Similar approach is extended in [27] . In [28, 29] , author outlines a technique in which the genetic algorithm approach is employed to alter membership functions in response to changes in the process. In [36] a fuzzy fed PID control of non-linear system is presented but this work doesn't capture the system's characteristics in terms of signal transmission delays.
NEUTRALIZATION PILOT PLANT ARCHITECTURE
The architecture diagram of neutralization pilot plant is shown in Fig 2. This plant is assembled by using the state of the art industrial instruments and measuring systems. Neutralization pilot plant architecture.
This pilot plant consists of three tanks; VE210 is the alkaline tank, VE200 is the acidic tank and VE220 is the mixer tank. P210 and P200 are the pumps which are used to get the desired amount of acid and base in the mixer tank. FT 210 and FT 200 are the flow transmitters. The job of the flow transmitters is to transmit the precisely measured amount of acid and base respectively to the central computing system. Two control valves CV210 and CV200 are connected to the alkaline and acid pipelines respectively to control the flow of the acid and base getting into the mixer tank. These control valves are fully digital and are operated by using electrical signals. The mixer tank contains a continuous steering motor, which keeps the solution in the mixer tank at the uniform state. Because whenever a corresponding amount of acid or base is added into the mixer tank, a certain amount of time is required in order for the chemical reaction to take place. Continuous steering ensures the stability of level at each point in the mixer tank. The overall system architecture diagram is shown in Fig. 3 . 
MATHEMATICAL MODELLING OF NEUTRALIZATION PILOT PLANT
Acid used in mixer tank is and alkaline used is . Table. 1 shows the various process variables used in the neutralization plant. Mixer Tank is the continuous steering tank reactor. F1 is the flow rate of the acid and F2 is the flow rate of the alkaline. C1 is the concentration of acid and C2 is the concentration of alkaline.
The mathematical equation for mixer tank can be defined as the rate of accumulation of nonreactant species (within element volume) is equal to the rate of flow of non-reactant species (into element volume) minus the rate of flow of non-reactant species (out of element volume). This can be written as:
Where, V is the volume of the tank. and are the non-reactant components of the system for acid and alkaline respectively. They are defined as:
Based on the electro-neutrality condition, sum of all the positive charges is equal to the sum of all negative charges and can be written as:
The equilibrium constant expression for water and are as follows:
is the constant ionic product of water and is equal to . and are the two acid dissociation constants for sulphuric acid with and . value of the solution can be calculated by using the following equation: (9) Equation 5 can be solved for the value of Hydrogen ions H+ by using (6, 7, 8, and 9) and can be written as: 5 shows the dynamic response of the system which is clearly a non-linear system. value starts from 3. The variation of value from 3-4 is low and from 4-6 variation is very high. However, from values 6-8 the slope is quite linear and the variation is moderate. From values 8-10, variation is again higher and finally from values 10-12 variation is low. 
PROPORTIONAL INTEGRAL DERIVATIVE (PID) FLOW-RATE CONTROL DESIGN
The characteristics curves for flow rates of acid and alkaline valves are shown in Fig. 6 . It is evident that flow control for up scaling (opening of valve) and down scaling (closing of valve) is not the same. The error varies from 2% to 6%. PID controller is designed and tuned to capture these variations [3] . Firstly, the proportional gain is set to a minimum value and the other parameters integral and derivative terms are set to give zero action. The proportional gain is then gradually increased until oscillations start to appear in the measured closed-loop system response. The gain is then adjusted so that the oscillations maintain constant amplitude. The value of gain that is used to achieve this condition is termed as ultimate proportional gain with value (G=18) at the period (P=33). Based on Table 2 proportional gain Kp = 10.8, integral gain Ki = 0.65 and derivative gain Kd = 44.5. 
FUZZY LOGIC CONTROLLER DESIGN
Fuzzy logic controller mainly consists of three parts: (i) Fuzzification: process of converting system inputs (process variables) into grades of membership for linguistic of fuzzy sets, (ii) Fuzzy interference: mapping input space to output space using membership functions, logic operations and if-then rule statements and (iii) Defuzzification: process of producing quantifiable results (control valve inputs for PID controller) in the light of given fuzzy sets and membership degree. Overall performance of the fuzzy logic controller depends on the selection of the membership function of input and output sets.
The set point of the desired value is entered manually while other process control variables are controlled automatically based on the information (feedback) coming from the plant output. The job of the fuzzy logic controller is to maintain the corresponding value while manipulating the process control variables. When the current value is less than the desired value, Fuzzy logic controller sets a new point for the PID valve flow rate controller. The new value of current set point depends upon the difference between the current value of the plant reactor and the desired value. The overall diagram of the system is shown in the Table 3 shows the membership function description and the parameters for fuzzy logic input set. The mid condition is positioned between -1 and 1 to ensure the smoothness of the desired value and to make certain that the zero offset for the steady state is achievable. The overall performance of the system is determined by the input and output sets membership functions. The entire range is divided into nine levels with the value ranging from -5.0 to 5.0. Fig. 8 further demonstrates the functionality of the input sets of fuzzy logic controller. 9 shows the membership functions for the output set of Fuzzy logic controller. Output set is also divided into nine levels. The output set in this case determines the output for the PID controller (whether to increase the value by increasing the flow-rate of acid or to decrease the value by decreasing the flow-rate of base and vice versa) and to provide a reasonable time response. Table 4 , shows the membership function description and parameters for output set. The middle range is set from -20 to 20, so that the variation in mid-condition remains minute. Table 5 defines the relationship between the input set and output set parameters of the fuzzy logic controller. This is one-to-one function for every input set parameter there is a corresponding output set variable. NXL  THEN  ONXL  2  IF  NL  THEN  ONL  3  IF  NM  THEN  ONM  4  IF  NS  THEN  ONS  5  IF  Z  THEN  OZ  6  IF  PS  THEN  OPS  7  IF  PM  THEN  OPM  8  IF  PL  THEN  OPL  9 IF PXL THEN OPXL
EXPERIMENTS
First experiment is carried out to investigate the overall performance of the hybrid fuzzy logic and PID controller with the introduction of a static set point ( value = 7). For this experiment, 0.052M of H2SO4 is mixed with 0.052M of NaOH. These are the typical values for this kind of system. Two step changes are made, first at the value of 7 and second at the value of 10. This experiment is useful in determining the rise time (how long will it take for the output to follow the desired input) and overall response time of the system. Second experiment is carried out to investigate the robustness (to determine whether the output of the system is able to track the input or not) of hybrid Fuzzy logic and PID controller. In this experiment, different set points are introduced at different time steps in the form of a square wave. The amplitude of the wave is set to 1.5 and period is configured to 600 sec. The random range of values changes from = 6 to = 10. The initial vale is set to 7. The concentration values for acid and base are set to 0.051M and 0.0489M respectively. Third experiment is performed to compare the performance of Hybrid Fuzzy Logic and PID controller against Fuzzy Logic controller. For this experiment, value is varied from 6 to 10 at the regular intervals and the performance of both controllers is observed. Fig. 10 , show the results of the first experiment. Initially value is set to 7. At time step 300 sec, the input of the system changes to = 10. Output follows the input and at time step 380 sec, output reaches to = 10. However, the output is delayed because the flow rate of PID controller depends on the mechanical flow valves of acid and base streams. At time step 600 sec, the input drops to = 7 but output value starts to drop down at 610 sec and settles down to = 7 at 660 sec. Rise and fall time delays of the system are different because the control valve have different rise time and fall time. 
RESULTS

CONCLUSION AND FUTURE CONSIDERATIONS
This paper presents a hybrid control (PID and fuzzy logic controller) for neutralization pilot plant. It covers the entire operating range and is more robust against the uncertainty value variation). It is noticed that proposed hybrid controller is more stable as compared to the Fuzzy Logic controller. Process modelling approach adopted in this paper is based on the Physicochemical principles and fundamental laws. A conventional mathematical modelling process is incorporated. Practical tests are carried out on actual system to estimate manipulating variables which were not known before the experiments. The design methodology (deriving dynamic non-linear equation) presented in this paper is generally applicable to a neutralization plant, based on continuous steering tank reactor. The robustness of the Hybrid controller depends upon the process variables i.e. Acid/Base Flow rate control valve, value meter, flow transmitter and concentration monitoring sensors as these instruments appear as manipulating variables during controller design and implementation.
In this paper, PID controller is used to control the flow rate of both acid and alkaline streams and a Fuzzy logic controller is used to control the value. However in future, an adaptive neural network based controller can be used to achieve the same objective. Overall response of the system in terms of rise and fall time heavily depends on the instruments used to assemble neutralization plant. So a more predictable process model can be designed by using more accurate instruments.
